Immune activation results in adaptive neuroendocrine responses, including activation of the hypothalamicpituitary-adrenal axis, which are dependent on the integrity of medullary catecholaminergic (CA) systems. In contrast, although specific roles of pontine, midbrain, and hypothalamic CA systems in neuroendocrine function have been described, the functional roles of these CA systems in modulating neuroendocrine function during immune responses have not been investigated. We have, therefore, investigated the effects of immune activation on the various CA systems of the central nervous system (CNS) and explored this relationship with changes in plasma corticosterone and plasma prolactin. Male BALB/c mice were injected with lipopolysaccharide (LPS, 500 µg/kg i.p.) and 2 h later cardiac blood was taken and mice were perfused with fixative. Immunostaining procedures were performed using antibodies raised against c-Fos and tyrosine hydroxylase, a marker of CA neurons, and detailed topographical analysis of the CA systems within the CNS was performed. LPS-injected mice had increased concentrations of plasma corticosterone and decreased concentrations of plasma prolactin compared with vehicleinjected controls. LPS-injected mice had increased numbers of c-Fos-positive CA neurons within the medullary (A1, A2, C1, C2), pontine (A6) and midbrain (A10) cell groups when compared with vehicle-injected controls. Among hypothalamic CA cell groups, LPS had differential effects on the numbers of c-Fos-positive CA neurons in topographically organised subdivisions of the arcuate nucleus (A12). Changes in plasma prolactin concentrations correlated with the numbers of c-Fos-positive CA neurons within the area postrema, the medullary CA cell groups, the medial posterior division of the arcuate, and the zona incerta. The present study identifies topographically organised, anatomically distinct CA systems that are likely to modulate some of the neuroendocrine responses to immune activation, and may provide novel targets for the relief of symptoms associated with illness and disease.
Introduction
The changes in neuroendocrine activity in response to peripheral immune system activation are an important adaptive response. Neuroendocrine responses to immune activation include increases in plasma concentrations of corticosterone and either increases or decreases in plasma concentrations of prolactin (Rettori et al. 1994 , Rivest 2001 , De Laurentiis et al. 2002 . These hormones, in turn, influence homeostatic functions and provide feedback to regulate the immune system (Buckingham et al. 1996 , Freeman et al. 2000 . Although these changes are adaptive during acute states of immune activation, chronic sickness and immune-related disease can lead to decreases in quality of life and increases in both morbidity and mortality (Curtis & Patrick 2003) . A better understanding of the neural systems regulating neuroendocrine responses to peripheral immune activation may lead to novel therapeutic strategies for the treatment of chronic illness and immune-related disease.
Previous studies have implicated brainstem catecholaminergic (CA) systems in the neuroendocrine responses to peripheral immune activation. In particular, brainstem CA systems are integral to the increased hypothalamicpituitary-adrenal (HPA) activity. Noradrenaline within the paraventricular nucleus of the hypothalamus (Pa) stimulates corticotrophin-releasing factor gene expression, leading to activation of the HPA axis (Itoi et al. 1994) , while depletion of noradrenaline and adrenaline can block increases in plasma corticosterone concentrations following immune activation (Chuluyan et al. 1992 , Swiergiel et al. 1996 . The brainstem CA systems within the nucleus of the solitary tract (nTS) and ventral lateral medulla (VLM), via direct noradrenergic and adrenergic fibre projections to the Pa, influence the HPA axis response to peripheral immune activation (Sawchenko & Swanson 1981 , Cunningham et al. 1990 , Ericsson et al. 1994 . Chemical or surgical ablation of the medullary CA cell bodies or disruption of their hypothalamic projection systems attenuates the increased HPA activity associated with immune system activation (Chuluyan et al. 1992 , Ericsson et al. 1994 .
Other CA systems within the midbrain and hypothalamus may be involved in neuroendocrine responses to immune system activation. Immune activation results in increased extracellular concentrations of dopamine within various regions of the brain that may be involved in neuroendocrine regulation, including the arcuate nucleus (Arc), Pa and hippocampus (MohanKumar et al. 1999) . These regions are known to be innervated by a variety of potential sources of dopamine, including the ventral tegmental area (VTA, A10) and zona incerta (ZI, A13) (Swanson 1982 , Wagner et al. 1995 . The secretion of some neuroendocrine hormones such as prolactin is regulated by dopamine (Reymond & Porter 1985) , but the effects of immune activation on prolactin are controversial (Rettori et al. 1994 , De Laurentiis et al. 2002 and deserve further attention.
The aim of the present study was to characterise the responses of topographically organised subpopulations of CA neurons within the central nervous system (CNS) to i.p. administration of an acute peripheral immune stimulus, lipopolysaccharide (LPS; cell-wall component of Gram-negative bacteria), by using double immunostaining for the protein product of the immediate-early gene c-fos and tyrosine hydroxylase (TH), a marker of CA neurones. The second aim of the study was to correlate changes in c-Fos expression within medullary, pontine, midbrain and hypothalamic CA cell groups with neuroendocrine responses as measured by changes in plasma corticosterone and plasma prolactin, in order to identify CA cell groups that are likely to be involved in neuroendocrine function during states of sickness or disease.
Materials and Methods

Animals
Adult male BALB/c mice (6-8 weeks, 21-23 g) were housed in a group of 12 in a temperature-controlled room (23 2 C) on a 14 h:10 h light:darkness cycle (lights on at 0500 h), with food and water available ad libitum. Mice were allowed to acclimate under these conditions for one week before the experiment. Small cardboard 'huts' were kept in the home cage at all times prior to and throughout the experiment to enrich the environment and allow mice to seek darkness during the light phase. All animal procedures were approved by the University of Bristol Ethical Review Group and were conducted in accordance with Home Office guidelines and the UK Animals (Scientific Procedures) Act 1986. In addition, all studies were consistent with the NIH Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85A23) and were covered by Animal Welfare Assurance #A5057-01.
LPS administration and tissue processing
At 15-min intervals between 1200 h and 1330 h, timematched pairs of mice were given i.p. injections (100 µl) of either sterile 0·05 M sodium phosphate-buffered saline (PBS), pH 7·4 (PBS; n=5), or 12·5 µg LPS dissolved in PBS (n=7; Escherichia coli LPS, 026:B6, Sigma, UK). After injections, animals were put back into their home cage. Two hours post-injection mice were deeply anaesthetised with 150 µl Sagatal (sodium pentobarbital, 60 mg/ml i.p.) and thoracic cavities were exposed. Approximately 0·5 ml blood was taken by cardiac puncture, mixed with 50 µl 0·5 M ethylenediamine tetraacetic acid (EDTA), and kept on ice until centrifugation at 10 000 r.p.m. for 10 min; plasma was stored at 20 C until used for radioimmunoassay. Immediately after cardiac puncture mice were perfused through the ascending aorta of the heart with 150 ml PBS at 4 C followed by 250 ml 4% paraformaldehyde in 0·1 M sodium phosphate buffer, pH 7·4 (PB), at 4 C. Brains were post-fixed in the same paraformaldehyde solution overnight at 4 C, followed by two 12 h washes in PB at 4 C. Brains were then placed into PB containing 30% sucrose at 4 C for 3 days. Brains were blocked using a mouse brain matrix (RBM-2000C, ASI Instruments, Warren, MI, USA) to ensure a consistent coronal plane in each brain. Brains were then frozen on dry ice and stored at 80 C until sectioning. Brains were sectioned in the coronal plane at a thickness of 30 µm and collected in a series of six consecutive wells containing cryoprotectant (0·05 M phosphate buffer, 30% ethylene glycol w/w, 20% glycerol w/w, pH 7·4) and stored at 20 C until immunostaining.
Immunohistochemistry
Every sixth section of the brain (and to obtain higher resolution every third section for the hypothalamus) was used for double immunostaining using an antibody directed against the protein product of the immediate-early gene, c-fos (rabbit anti-c-Fos polyclonal antibody, The colour reaction product of the TH immunostaining was a golden-brown colour and localised to the cytoplasm while the colour reaction product of the c-Fos immunostaining was a dark blue-black colour and localised to the nucleus. Immunohistochemical controls in which the primary antibodies were omitted resulted in lack of positive staining on a random sample of experimental tissue.
Cell counting
Cell counting was performed in a blind manner with respect to treatment groups after randomisation of slides. Cell counts were made to determine (1) the number of c-Fos-positive CA (TH-positive) neurons, (2) the total number of CA neurons and (3) the number of c-Fospositive non-catecholaminergic (non-CA, TH-negative) nuclei. The catecholaminergic cell groups, brain regions, and bregma levels analysed are listed in Table 1 .
Corticosterone and prolactin measurements
For measurement of corticosterone, plasma was thawed immediately before use and diluted 1:100 in a 0·025 M citrate buffer, pH 3·0 (B buffer; to denature the binding globulin) and aliquoted into three 100 µl volumes. Rabbit anti-corticosterone polyclonal antiserum (50 µl, 1:124 final dilution; kindly supplied by Prof. G Makara, Institute of Experimental Medicine, Budapest, Hungary) in B buffer was added to each tube followed by 50 µl 125 Icorticosterone tracer with a specific activity of 2-3 mCi/µg (MP Biomedicals, Irvine, CA, USA). Tubes were mixed well and left to incubate overnight at 4 C. The B buffer (0·5 ml) containing 0·5% charcoal and 0·05% dextran T70 (Sigma) was then added to each tube, mixed well, and centrifuged at 4000 r.p.m. at 4 C for 15 min; the supernatant was siphoned off and the total radioactivity in the remaining pellet was determined using a Cobra II gamma counter (Packard Bioscience, UK). Plasma prolactin concentrations were determined by the National Hormone and Peptide Program (Dr A F Parlow, Harbor-UCLA, CA, USA) using a radioimmunoassay.
Imaging
All images were captured using a Leica DMLB microscope fitted with an Insight digital camera (Leica Microsystems, Germany) and SPOT image capture software v4.0.2 (Diagnostic Instruments, Sterling Heights, MI, USA), and all figures were designed and assembled in CorelDRAW 12·0 (Corel Corp., Eden Prairie, MN, USA).
Statistics
All reported values are mean values and standard error of the mean (S.E.M.). For the cell count data, each of the three dependent variables was analysed using a single multifactorial analysis of variance (ANOVA) with repeated measures, using TREATMENT as the between subject factor and REGION (e.g. each CA group at a specific bregma level) as the within subject factor for repeated measures analysis. The left and right hemispheres of the brain were not distinguished so the cell count data represents the total of the respective left and right sides. Regions in which the cell counts of the treatment groups had mean values of zero were excluded from the multifactorial ANOVA with repeated measures. Missing values were replaced by the method of Peterson (1985) prior to the multifactorial ANOVA with repeated measures, but the original data were used for post-hoc analysis and for representation of the data in the tables and figures. When TREATMENT effects or TREATMENT*REGION interactions were observed, multiple pair-wise comparisons were made using Fischer's Protected Least Significant Difference tests. Corticosterone and prolactin data were analysed using Student's t-test for independent samples. Correlations between (1) plasma corticosterone or prolactin and cell count data and (2) cell count data across different regions were determined using Pearson correlation. In all cases, significance was accepted at P<0·05.
Results
CA cell groups and regions studied are depicted in Fig. 1 , and a detailed list of regions that were counted and their abbreviations is presented in Table 1 . Out of all the different regions studied (Table 1) , only the cell count data in which post-hoc analysis revealed a significant TREATMENT effect is presented schematically (Fig. 1 ) and in detail (Table 2) . Seventy-two different cell counts (from CA cell groups at specific bregma levels) had no double immunostaining in either treatment group, and these regions were not used in the multifactorial ANOVA with repeated measures. Multifactorial ANOVA with repeated measures revealed a TREATMENT*REGION interaction for the number of c-Fos-positive CA neurons (F (50,500) =2·815, P<0·001), and revealed a TREATMENT*REGION interaction for the number of c-Fos-positive non-CA nuclei (F 122,1220 =6·864, P<0·001). There was neither a TREATMENT effect nor a TREATMENT*REGION Catecholaminergic cell groups, brain regions and abbreviations of the mouse were defined based on the work in the rat by Everitt et al. (1992) , in multiple species by Smeets and Gonzalez (2000) and in the mouse by Paxinos and Franklin (2001) . CVO, circumventricular organ.
interaction in the total numbers of CA neurons between treatment groups (F 1,10 =2·925, P=0·118; F 122,1220 = 0·598, P=0·948).
Medullary noradrenergic (A1/A2) and adrenergic (C1/C2/C3) neurons
LPS-injected mice had increased numbers of c-Fospositive CA neurons along the rostral-caudal axis of the medulla compared with vehicle-injected controls (Table 2 , Fig. 2 ). LPS administration resulted in increased numbers of c-Fos-positive CA neurons within the area postrema (AP), A1, A1/C1, A2/C2 and C1 regions compared with vehicle-injected mice. LPS administration also resulted in increased numbers of c-Fos-positive non-CA nuclei within the AP, A1/C1, A2 and A2/C2 regions. There were no differences in the numbers of c-Fos-positive CA neurons or c-Fos-positive non-CA nuclei in the C3 region between treatment groups. In summary, i.p.
administration of LPS increased the number of c-Fospositive CA neurons within the AP and several medullary CA groups.
Pontine noradrenergic neurons (A5/A6/A7)
Analysis of pontine regions containing noradrenergic neurons revealed an increase in the numbers of c-Fospositive CA neurons within subdivisions of the A6 cell group (Table 2, Fig. 3 ). LPS-injected mice had increased numbers of c-Fos-positive CA neurons within the rostral levels of the locus coeruleus (LC), the medial parabrachial nucleus (MPB), central parts of the lateral parabrachial nucleus (LPBC) and ventral subcoeruleus (SubCV) regions when compared with vehicle-injected mice. There were no differences in the numbers of c-Fos-positive CA neurons or c-Fos-positive non-CA nuclei within the A5 and A7 regions between treatment groups, and no differences in the numbers of c-Fos-positive non-CA nuclei within the A6 subdivisions between treatment groups. In summary, i.p. administration of LPS increased the number of c-Fos-positive CA neurons within subdivisions of the A6 cell group including the LC, MPB, LPBC and SubCV.
Midbrain catecholaminergic neurons (A8, A9, A10, A11)
Analysis of midbrain regions containing putative dopaminergic neurons revealed an increase in the numbers of c-Fos-positive CA neurons solely within the rostral portion of the VTA, but not other A10 cell groups (Table 2 , Fig. 4 ). The main dopaminergic cell groups of the midbrain are those within the substantia nigra (SN, A9) and VTA (A10); additional putative dopaminergic cells are present in the pedunculopontine tegmental nucleus (PPTg, A8), retrorubral field (RRF, A8), rostral linear nucleus (RLi, A10) and periaqueductal grey (PAG, A11). There was virtually no double immunostaining in any of the divisions of A8, A9 or A11. Mice given injections of LPS had decreased numbers of c-Fos-positive non-CA nuclei within the regions of the ventral subdivision of A8, the substantia nigra lateral (SNL; A9), the VTA (A10) and the PAG (A11) cell groups compared with vehicleinjected mice. In summary, i.p. administration of LPS increased the number of c-Fos-positive CA neurons within the rostral portion of the VTA and decreased the numbers of c-Fos-positive non-CA nuclei within subdivisions of the A8, A9, A10 and A11 regions.
Hypothalamic catecholaminergic neurons (A11, A12, A13, A14, A15)
Analysis of hypothalamic and thalamic regions containing putative dopaminergic neurons revealed differential responses in the numbers of c-Fos-positive CA neurons that were restricted to subdivisions of the Arc (Table 2 , Fig. 5 ). LPS-injected mice had increased numbers of Table 1 .
Table 2
Cell 
Out of 123 regions analysed (Table 1) , the regions in which LPS administration resulted in a significant difference in cell counts of either c-Fos-positive CA neurons or c-Fos-positive non-CA nuclei between treatment groups are presented. Bold text represents a significant treatment effect versus vehicle-injected controls, with the P value in parentheses. Abbreviations are listed in Table 1 .
c-Fos-positive CA neurons in the medial posterior Arc (ArcMP), dorsal Arc (ArcD) and rostral Arc compared with vehicle-injected mice. In contrast, LPS administration resulted in decreased numbers of c-Fos-positive CA neurons within the lateral posterior Arc (ArcLP). There were no differences in the numbers of c-Fos-positive CA neurons within the A11, A13 or A14 cell groups between treatment groups. Due to lack of tissue containing the A15 cell group, the region was not included in the analysis. Mice given injections of LPS had decreased numbers of c-Fos-positive non-CA nuclei within the ZI at one bregma level, and increased numbers of c-Fos-positive non-CA nuclei within all subdivisions of the Pa studied compared with vehicle-injected controls. In summary, i.p. administration of LPS had differential effects on the numbers of c-Fos-positive CA neurons within subdivisions of the Arc but not other hypothalamic CA cell groups.
Corticosterone, prolactin and correlation analysis
LPS-injected mice had increased plasma corticosterone and decreased plasma prolactin concentrations measured 2 h after injection compared with vehicle-injected controls, and these measurements were correlated with cell count data within various brain regions (Fig. 6) . Correlation analysis revealed correlations between plasma corticosterone concentrations and (1) the number of c-Fos-positive CA neurons within the AP, A1/C1, A2/ C2, MPB and VTA, and (2) the number of c-Fos-positive non-CA nuclei within the Pa and the region of the A2 cell group. Correlation analysis also revealed correlations between plasma prolactin concentrations and (1) the numbers of c-Fos-positive CA neurons within the AP, A1/C1, A2/C2, ArcMP and ZI, and (2) the number of c-Fos-positive non-CA neurons within the ArcMP.
Discussion
This study provides a detailed analysis of topographically organised CA systems in the mouse brain that are candidates for components of the neural systems mediating neuroendocrine responses to peripheral immune activation. We have been able to provide indirect evidence that CA neurons within the parabrachial and subcoeruleus regions play a role in relaying signals of peripheral immune activation within the mouse CNS. Although previous studies have described increases in dopaminergic neurotransmission in the CNS in response to peripheral immune activation, this is the first study to illustrate responses to Table 1 .
peripheral immune activation within midbrain dopaminergic cell groups. We have also investigated the functional properties of dopaminergic neurons within the Arc, and for the first time have shown differential c-Fos responses to peripheral immune activation in subdivisions of the Arc which also correlate with plasma prolactin concentrations. Interestingly, we have identified multiple regions within the brain where peripheral immune activation results in decreased c-Fos expression (ventral A8, substantia nigra lateral, VTA, PAG) compared with controls. Thus, the present data suggest that there are distinct, topographically organised subsets of medullary, pontine, midbrain and hypothalamic CA systems that modulate the neuroendocrine responses to peripheral immune system activation.
In order to identify c-Fos-immunoreactivity within topographically organised subpopulations of CA neurons with a high level of neuroanatomical detail, double immunostaining of the protein product of the immediateearly gene c-fos was used in conjunction with TH immunostaining of CA neurons. While a change in the c-Fosimmmunoreactivity does not necessarily indicate a change in electrophysiological or electrochemical properties of a cell (e.g. firing rate, depolarization, calcium influx) (Morgan & Curran 1986 , Luckman et al. 1994 , it does provide a useful method to identify functional cellular responses at single cell resolution among large populations of cells. It is also important to be aware of temporal factors when comparing the present data with previous physiological and behavioural studies because the expression of c-Fos is transient and varies across the circadian cycle (Grassi et al. 1994 , Kovacs 1998 .
Although omission of the primary antibodies from the immunostaining protocol resulted in a lack of positive staining, it does not confirm that the antibodies are in fact specific for the protein markers of interest. Control peptides were not used but the antibodies used in the present study have been used previously for the identification of changes in c-Fos-immunoreactivity (Zhang et al. 2003) and the identification of CA neurons in mouse tissue (Horger et al. 1998) . In this study, we describe TH immunostaining in several regions not previously described in mouse brain (MPB, lateral parabrachial nucleus (LPB), A8, RLi, PAG); however all of these regions have been found to contain CA neurons in at least one of the multiple vertebrate species studied to date (Smeets & Gonzalez 2000) .
Medullary and pontine CA systems
The LPS-induced effects we observed in the medulla are consistent with previous findings in rats where LPS Table 1 .
administration resulted in increased numbers of c-Fospositive CA neurons within specific CA groups (A1, A1/C1, A2/C2, C2) along the rostral-caudal extent of the medulla (Ericsson et al. 1994 , Dayas et al. 2001 . Our observation that LPS failed to alter the numbers of c-Fos-positive CA neurons within the mouse A2 region ( 7·48 to 7·32 mm bregma) appears to conflict with a recent study in rats demonstrating that interleukin-1 (IL-1) treatment results in increased numbers of c-Fospositive noradrenergic neurons that are more rostral than in rats exposed to other stressors such as restraint or footshock (Dayas et al. 2001) . However, the bregma levels in mouse brain containing noradrenergic neurons ( 7·20 to 6·96 mm bregma) equivalent to the IL-1-responsive regions in rat brain described by Dayas and colleagues are more rostral than the bregma levels we defined as the A2 cell group. We defined this region of the mouse nTS ( 7·20 to 6·96 mm bregma) as part of the A2/C2 because it contains a mixture of noradrenergic and adrenergic neurons that we could not distinguish using an antibody raised against TH. Taking into account these differences in nomenclature used to describe mouse and rat brain, the present results demonstrating that medullary noradrenergic and/or adrenergic CA neurons are responsive to peripheral immune activation are consistent with previous reports (Ericsson et al. 1994 , Dayas et al. 2001 .
The existence of CA neurons within the AP has previously been described (Dahlstrom & Fuxe 1964) , and to our knowledge this is the first study describing LPSinduced increases in c-Fos-positive CA neurons within the AP. The AP has long been implicated in rapid homeostatic responses such as those associated with osmoregulatory and nutrient challenges, and is an important centre for the integration of systemic and visceral sensory information as it is a circumventricular organ and also receives sensory information from peripheral vagal ganglia (Oldfield & McKinley 2004) . The projections of the AP have been shown to be primarily restricted to the brainstem, with dense projections to CA neurons of the nTS (Cunningham et al. 1994) and moderate projections to the external lateral parabrachial nucleus, the dorsal motor nucleus of the vagus (DMN), nucleus ambiguus and VLM (Shapiro & Miselis 1985) . The AP has been shown to be critical for brainstem c-Fos responses, hypothalamic paraventricular c-Fos responses, and HPA axis responses to immune stimuli (Lee et al. 1998) . The projections and functions of the CA neurons within the mouse AP are not known, although CA projections from the AP to the rostral VLM have been found in the rabbit (Blessing et al. 1987) so it is feasible that the mouse brain contains similar connections.
The present study is the first to identify CA neurons of the A6 cell group (MPB, LPBC, SubCV) other than the LC that are responsive to peripheral LPS injection. The CA neurons within the LC have repeatedly been shown to be responsive to immune stimuli (Zalcman et al. 1991 , Hare et al. 1995 , Kaneko et al. 2001 , and the present results confirm these previous studies. The external portion of the LPB (LPBE) is known to be especially responsive to immune activation (Elmquist et al. 1996) , although no CA cells are located within this region. Because only regions containing CA cells were focused on in this study, single c-Fos counts were not performed within all subdivisions of the parabrachial nucleus. The LPBC projects to the Pa in the rat (Bester et al. 1997) , although the neuroanatomical projections of PB subdivisions in the mouse have not been studied and it is not known if the neurochemical phenotypes of this presumed connection includes CA neurons. Reciprocal connections between the MPB and subdivisions of the nTS (caudal region of commissural subdivision, rostral portions of nTS) have been shown in the rat (Herbert et al. 1990 , Krukoff et al. 1993 , and this may be an important circuit for relaying visceral signals related to immune stimuli within the mouse CNS as well. Cells of the SubCV are known to project to the spinal cord in the rat (Clark & Proudfit 1991) , although the functional significance of this connection is not known. This study provides evidence that there are further topographical subdivisions of the mouse A6 cell group (MPB, LPB, SubCV) that may relay signals of peripheral immune activation within the CNS.
Midbrain CA systems
The A10 dopaminergic neurons within the VTA are often associated with motivation, incentive, and reward (Le Moal & Simon 1991), and it is both interesting and novel that LPS administration resulted in increased c-Fospositive CA neurons at the level of the A10 dopaminergic cell body. The VTA is the major source of the mesocorticolimbic dopaminergic system that projects to forebrain structures including the nucleus accumbens, prefrontal cortex and the amygdala (Swanson 1982) . Peripheral immune activation results in increased extracellular concentrations of dopamine within the nucleus accumbens and prefrontal cortex (Lacosta et al. 1994 , Hayley et al. 2001 , and our results support the hypothesis that the VTA may be the source of limbic dopamine changes in response to peripheral immune activation. Although the role of the VTA during immune responses is not known, it is feasible that the VTA is involved in behavioural reinforcement during states of sickness or disease.
Hypothalamic CA systems
To our knowledge, this is the first study reporting differential c-Fos responses within topographically organised subsets of Arc dopaminergic (DA) neurons of the mouse in response to immune activation. The Arc is known to express IL-1 receptors, and peripheral immune activation results in c-fos mRNA induction within the Arc (Brady et al. 1994 , Ericsson et al. 1995 . The majority of IL-1 receptors within the Arc are within the medial division that contains the majority of the median eminence (ME)-projecting tuberoinfundibular dopaminergic (TIDA) neurons thought to be the primary source of dopamine acting to regulate prolactin secretion (Rethelyi 1985 , Reymond & Porter 1985 . The lateral divisions of the Arc are not thought to be as important in prolactin regulation, as they are thought to project primarily to the lateral divisions of the ME (Lofstrom et al. 1976 ). In the rat, these cells within the lateral divisions of the Arc contain putative CA neurons that do not express the enzyme aromatic amino acid decarboxylase that is necessary for dopamine synthesis (Meister et al. 1988) , and the functions of these cells have yet to be elucidated. One study reported similar results in the Arc as in the present study after administering a dopamine receptor antagonist instead of LPS; however this also resulted in increased plasma prolactin concentrations (Hentschel et al. 2000) . Prolactin is thought to be the main negative-feedback regulator of TIDA neurons because TIDA neurons lack autoreceptor feedback (Demarest & Moore 1979) . However, treatment with prolactin alone has provided controversial results, resulting in increased numbers of c-Fos-positive CA neurons within either both subdivisions of the Arc (Hentschel et al. 2000) or only the medial subdivision (Cave et al. 2001) , suggesting prolactin is not the sole regulator of TIDA neurons. The present results add further evidence that the medial and lateral subdivisions of the Arc are indeed functionally distinct, and are differentially responsive to peripheral immune activation.
The present results are in accordance with a recent study showing decreased plasma prolactin concentrations following immune activation (De Laurentiis et al. 2002) ; however there are multiple other studies reporting either increased plasma prolactin concentrations (Rettori et al. 1994 , Phelps et al. 2001 , Gonzalez et al. 2004 or no change in prolactin (Abreu et al. 1994 ) following immune activation. The major difference between these conflicting results is the route of LPS administration or, in the case of Table 1 . studies which found no changes in plasma prolactin i.c.v., IL-1 was administered instead of LPS. In studies using LPS given intraperitoneally (De Laurentiis et al. 2002) , including the present study, LPS injection resulted in decreased serum prolactin concentrations. In contrast, in studies using high doses of LPS given i.v. (Rettori et al. 1994 , Phelps et al. 2001 or LPS given i.c.v. (Gonzalez et al. 2004) , LPS injection resulted in increased serum prolactin concentrations. One explanation is that when LPS is given intravenously or intracerebroventricularly, LPS actions at the level of the Arc result in increased release of prolactin. The Arc is highly vascularised and capable of directly sensing circulating signals of immune activation (Brady et al. 1994 , Ericsson et al. 1995 , Herkenham et al. 1998 . When LPS is given in compartments such as the peritoneal cavity, activation of the Arc may be primarily due to ascending signals arising from brainstem nuclei such as medullary CA systems. The medullary neuronal systems innervate the Arc (Ricardo & Koh 1978) and adrenergic fibres actually terminate on TIDA neurons (Hrabovszky & Liposits 1994) . Because LPS administration results in c-Fos responses within medullary CA systems, this could be a possible mechanism of relaying signals of peripheral immune activation from the periphery to the Arc.
Correlation analyses
Correlation analyses support the involvement of particular CA systems in both the LPS-induced increases in plasma corticosterone concentrations and the LPS-induced decreases in plasma prolactin concentrations. The correlation between the numbers of c-Fos-positive CA neurons within medullary CA systems and plasma corticosterone concentrations largely confirms previous studies, whereas the correlation between the numbers of c-Fos-positive CA neurons in the MPB and VTA are unreported as far as the authors are aware. However, the MPB and VTA have not been shown to project to the Pa or to be directly involved in the increased HPA axis activity in response to immune activation (Elmquist & Saper 1996) , so the correlations should not be over interpreted. The negative correlation between the numbers of c-Fos-positive CA neurons in the ArcMP and plasma prolactin concentrations, although not strongly correlated, further supports the involvement of TIDA neurons in prolactin release in response to immune activation. The strong correlation between the numbers of c-Fos-positive CA neurons within the ZI and plasma prolactin concentrations was unexpected, although the ZI is largely associated with the reproductive axis and is known to be involved in the regulation of other neuroendocrine hormones (MacKenzie et al. 1988) . The correlation between the numbers of c-Fos-positive CA neurons within the medullary CA cell groups and plasma prolactin concentrations further supports the idea that LPS injection, when given intraperitoneally, may relay signals to the Arc through medullary CA cell groups.
Conclusions
The present study provides evidence that the CA systems of the CNS are composed of functionally distinct, topographically organised subgroups that are likely to be involved in a variety of neuroendocrine, autonomic and behavioural responses to immune activation. Our results provide further evidence for the involvement of medullary (A1, A2, C1, C2) and pontine (LC) CA systems, and identify new CA subpopulations within the medulla (AP), pons (MPB, LPB, SubCV) and midbrain (VTA) that may be involved in neuroendocrine responses to peripheral immune activation. This study is the first to demonstrate that peripheral immune activation results in differential c-Fos responses within topographically distinct subpopulations of TIDA neurons which are known to have important roles in neuroendocrine hormone regulation, including the LPS-induced decrease in the concentration of plasma prolactin. This study has also identified various brainstem (A1/C1, A2/C2) and hypothalamic (ArcMP, ZI) CA cell groups where cell counts were correlated with plasma prolactin concentrations. These subpopulations of CA neurons deserve further attention in efforts to define neural systems contributing to dysregulation of CNS and endocrine systems in acute and chronic illness and immune-related disease.
